The copper stimulon in Escherichia coli consists of four regulons, the CueR-, CusS/CusR-, CpxA/CpxR-, and YedV/YedW regulons. E. coli mutants defective in cpxRA showed higher sensitivity to copper than the wild type. A total of 15 promoters were found to be induced in E. coli culture upon exposure to copper in a CpxA/ CpxR-dependent manner. After gel-shift and DNase I foot-printing analyses, a conserved tandem repeat of pentanucleotide sequence, GTAAA(N) 4{8 GTAAA, with a conserved A of 4-bp upstream of each pentamer, was identified to be the CpxR-binding site. The difference in the orientation and location of the CpxR box is discussed with respect to the regulation mechanism among CpxR-regulon genes.
1)
CpxA/CpxR is a typical two-component signal transduction system that responds to envelope stress. CpxA, the inner-membrane protein, phosphorylates its conserved histidine residue in response to signals and then transphosphorylates the conserved asparate residue in CpxR. [2] [3] [4] [5] [6] [7] Activated CpxR, the phosphorylated form (pCpxR), activates transcription of a set of genes, all of which are involved in envelope protein folding and proteolysis. [8] [9] [10] CpxP, a small periplasmic protein, is thought negatively to regulate CpxA activity by interacting with its periplasmic domain, 5, 11, 12) but CpxP is not required for induction of genes regulated by CpxA/CpxR in the response to envelope stress. 13) NlpE is an outermembrane lipoprotein that activates the CpxA/CpxR regulon when overexpressed. 14) Adhesion to hydrophobic surfaces induces the CpxA/CpxR regulon in a NlpEdependent manner. 15) CpxR is an OmpR family transcription factor that contains a helix-turn-helix motif at its N-terminus. OmpR family transcription factors are thought to function as dimers (or multimers). They recognize and bind to a dyad symmetrical or tandem sequence of target DNA. 1, 16, 17) Pogliano et al. have determined the CpxRbinding regions on htrA/degP, ppiA, and yihE promoters by DNase I foot-printing analysis, and have identified the CpxR-binding consensus sequence, GTAAA(N) 5 -GTAAA. 9) Recently, matrix screening using GTA-AA(N) 5 GTAAA with a bioinformatics technique identified approximately 100 operons containing the CpxR consensus binding sequence on their putative promoters. 18) In this study we found that the CpxR-binding sequence or the CpxR box consists of a tandem repeat of the pentanucleotide sequence, GTAAA(N) 4{8 GTA-AA. Based on the sequence conservation, the binding affinity in vitro to CpxR, we make a proposal as to the gene hierarchy within the copper-inducible CpxRregulon.
Materials and Methods
Bacterial strains, plasmids and growth conditions. Escherichia coli K-12 strains BW21553 (F À lacI q rrnB3 lacZ4787 hsdR514 D[araBAD]567 D[rhaBAD]568 rph-1), BW27553 (BW25113, ÁbaeSR), and BW27559 (BW25113, ÁcpxRA) were described previously. 1, 19) MC4100, WBS262 (MC4100, nlpE::spc), and CLC393 (MC4100, cpxP::kan) were kindly provided by T. J. Shilhavy, and were described previously. 13) E. coli cells were grown at 37 C with reciprocal shaking (120 min À1 ) under aerobic conditions in LB medium.
Purification of CpxR. Expression and purification of CpxR were carried out as described previously.
7)
Preparation of 32 P-end-labeled DNA probes. 32 P-endlabeled DNA probes were prepared as described previously. 20) In brief, primers (10 pmol; for sequences see Table 1 ), were phosphorylated with 10 micro-Ci [-32 P]ATP (5,000 Ci/mmol) by T4 polynucleotide kinase (Toyobo, Japan). The 32 P-end-labeled DNA fragments were amplified by PCR using W3110 genomic DNA as template and Ex Taq DNA polymerase (Takara, Japan).
The
32 P-labeled fragment was purified by PAGE. The radioactivity of labeled fragments was measured with a liquid scintillation counter. The 32 P-end-labeled DNA probes used are listed in Table 2 . S1 nuclease assay. S1 nuclease assay was carried out as described previously.
1) E. coli was grown in LB medium at 37 C until early log-phase (0.2 to 0.3 of optical density 600 nm) and separated into two fractions. Copper chloride (final concentration 0.5 mM) was added to one culture fraction but not to the other. After 5 min of the shaking at 37 C, the cells were harvested, and total RNAs were prepared by the hot phenol method. Mixtures of the 32 P-end-labeled probe (10 Kcpm) and total RNA (100 mg) were incubated for 10 min at 75 C for denaturation, and then incubated at 37 C overnight for hybridization. After digestion with S1 nuclease (Takara, Japan) at 37 C for 10 min, undigested products were extracted with phenol, precipitated with ethanol, and analyzed by electrophoresis on polyacrylamide gels containing 8 M urea. The gel was dried and exposed on an Image plate (Fuji, Japan). The scanning an image plate was carried out with BAS1000 (Fuji, Japan). The intensity of undigested probe bands on gels was measured with MultiGaurge (Fuji, Japan). The radioactive probes used are listed in Table 2 .
DNase I footprinting assay. DNase I footprinting was carried out as described previously. 21) Mixtures of the 32 P-end-labeled probe (50 Kcpm) and purified CpxR in transcription buffer (50 mM Tris-HCl [pH 7.8 at 37 C], 50 mM NaCl, 3 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM DTT and 25 mg/ml BSA) were incubated for 37 C for 10 min to form CpxR-DNA complex. DNA digestion was initiated by the addition of 5 ng DNase I (Takara, Japan). After incubation for 30 s at 25 C, the reaction was terminated by adding 45 ml of the stop solution (20 mM EDTA [pH 8.0 at 4 C], 1% SDS, 0.2 M NaCl, and 250 mg/ml tRNA). DNA was precipitated with ethanol, dissolved in formamide-dye solution, and analyzed by 6% PAGE in the presence of 8 M urea. The radioactive probes used are listed in Table 2 .
Results and Discussion
Identification of the copper-inducible promoters regulated by CpxAR
Previously we found that among the copper-inducible genes, transcription of at least 11 genes (cpxP, ebr, ftnB [yecI], spy, ybaJ, yccA, ycfF, ydeH, yebE, yobB, and yqjA) depends on the presence of the CpxA/CpxR twocomponent system. 1) Pogliano et al. have reported that CpxR directly controls three promoters, htrAp, ppiAp, and yihEp. 9) We checked, using S1 mapping, the induction of these genes under the copper induction conditions employed here and identified the transcription start site of 13 promoters, except for ebrp. Copper shock using copper chloride showed that the mRNA 
level from these promoters, including htrAp, ppiAp, and yihEp, decreased markedly in the cpxRA mutant (Fig. 1A) . But, the level of htrA mRNA was significantly increased by copper in the cpxAR null mutant because htrAp is induced by sigma-E activation, as seen previously for zinc shock. 22) Transcripts from 11 promoters, cpxPp, ftnBp, htrAp, ppiAp, ybaJp1, yccAp, ydeHp, yihEp, yebEp, yobBp, and yqjAp, were detected without copper in the wild type, whereas two promoters, spyp and ycfSp, were silent in the absence of copper (Fig. 1A) . Of the 13 promoters, 10 promoters, cpxPp, ftnBp, spyp ybaJp1, yccAp, ycfSp, ydeHp, yebEp, yobBp, and yqjAp, were newly determined by this experiment, while three promoters, htrAp, ppiAp, and yihEp, have been reported by others. [22] [23] [24] The À10 and À35 elements of all 13 promoters were found as typical sequences for recognition by sigma-D (Fig. 3A) . Recently, we found that two promoters, aroGp and ycdNp, were induced by copper under the control of CpxAR (Yamamoto et al., in preparation). Taking all this together, a total of 15 copper-inducible promoters were found to be regulated by CpxAR.
Sensitivity of the cpxRA mutant to external copper To confirm activation of the CpxAR regulon by copper, we compared the possible influence of various concentrations of copper chloride on cell growth between a cpxRA-null mutant (strain BW27559) and its wild-type parent (BW25113). The cpxRA mutant was more sensitive to copper chloride than the wild-type parent (Fig. 1B) . This sensitivity was also observed with use of the copper sulfate (data not shown). BaeS/BaeR has been identified as an envelope stress signal transduction system. 25) Both the Bae and the Cpx system are involved in induction of spy by envelop stress, 25) but the baeSR-null mutant (strain BW27553) had copper-sensitivity similar to the wild-type parent (data not shown). Together, these observations indicate that CpxA/CpxR is required for the copper tolerance of E. coli. In good agreement, the cpxA* mutant, which maintains selfphosphorylation activity but lacks dephosphorylation activity of phosphorylated CpxR, is more resistant to copper. 26, 27) Recently, DNA microarray assays have shown that zinc also stimulates the expression of genes among CpxAR regulon. 22, 28, 29) After a number of comparison of the sensitivity of the wild type and the cpxAR mutant to several metals, LiCl, NaCl, MgCl 2 , KCl, CaCl 2 , CrCl 3 , MnCl 2 , FeCl 2 , CoCl 2 , NiCl 2 , CuCl 2 , ZnCl 2 , RbCl, SrCl, CsCl, BaCl 2 , PbCl 4 , and AgNO 3 , we found that the sensitivity of the cpxRA-null mutant was For S1 nuclease analysis using these probes, the expected size of protected fragments (or transcripts) are: 81-nt for cpxP probe-1; 195-nt for ftnB probe-2; 147-nt for htrA probe-3; 170-nt for ppiA probe-4; 122-nt for spy probe-5; 148-nt (p1) and 234-nt (p2) for ybaJ probe-6; 90-nt for yccA probe-7; 119-nt for ycfS probe-8; 93-nt for ydeH probe-9; 180-nt for yebE probe-10; 160-nt for yihE probe-11; 109-nt for yobB probe-12; 133-nt for yqjA probe-13. highest against copper, followed by zinc (data not shown). The cpxAR-null mutant grows as fast as the wild-type strain in the presence of metals other than copper and zinc.
CpxA-CpxR sensing to external copper Both the CpxP periplasmic protein and the NlpE lipoprotein are recognized as signals by the CpxA sensor. 12, 14) To test whether copper-dependent regulation correlates with the presence of CpxP or NlpE, we compared sensitivity to copper among MC4100 (parent strain), CLC377 (MC4100 cpxP::kan), and WBF262 (MC4100 nlpE::spc). The growth of MC4100 was completely inhibited in the presence of 3 mM copper chloride as it was for BW25113 (Fig. 1B, C) . These results indicate that all these strains are similar with respect to sensitivity to copper (Fig. 1C) . They show that full tolerance to copper requires the CpxA-CpxR system, although the signal transduction pathway remains unidentified.
Overproduction of lipoproteins such as NlpA, NlpE, OsmB, Pal, and YafY induces CpxAR-dependent expression of htrA/degP. 30) Spy protein, a homolog of CpxP, is also induced by copper and zinc, as is the case for CpxP.
3) But overproduction of Spy did not change the copper-or zinc-sensitivities of E. coli (data not shown). Thus, besides CpxP and NlpE, periplasmic proteins and outer-membrane lipoproteins might be involved in the recognition of external metals.
CpxR binding to the copper-inducible promoters
Using the gel shift assay, we examined CpxR-binding activity on promoter fragments from all 15 copperinducible genes. Except for the yobB promoter, CpxRbinding was detected for all of the corresponding promoters (data not shown). CpxR binding to all 14 promoters was stimulated in the presence of acetylphosphate (data not shown). In order precisely to locate the A, Wild-type E. coli BW25113 (lanes 2 and 3) and the cpxAR-null mutant BW27559 (lanes 4 and 5) were grown at 37 C in LB medium with shaking. In the middle of the exponential growth phase, the culture was divided into two equal aliquots. One aliquot was treated with copper chloride (0.5 mM) for 5 min (lanes 3 and 5) and the other not (lanes 2 and 4). Total RNAs were prepared and subjected to S1 nuclease mapping using corresponding probes (Table 2), as described in ''Materials and Methods.'' AG lanes (lane 1) show the A þ G ladder of the Maxam-Gilbert sequencing reaction. An asterisk and number indicates the base corresponding to the promoter start site and the distance from initiation codon, corresponding to annotations of the E. coli MG1655 genome. 33) B, Wild-type E. coli BW25113 (closed circle) and cpxRA-null mutant BW27559 (open circle) were grown at 37 C in LB medium with shaking overnight. The overnight culture was diluted 100-fold with fresh LB medium containing different concentrations of copper chloride, and then grown at 37 C for 16 h with reciprocal shaking (160 rpm À1 ). The growth of culture was monitored by measuring the optical density at 600 nm. The ratio of stationary-phase cell growth in the presence of various concentrations of copper was calculated against the rate in the absence of copper ions. C, The copper sensitivities of the cpxP-and nlpE-null mutants were analyzed as described in B above. Wild-type E. coli MC4100 (white circle), cpxP-null mutant CLC377 (gray circle), and nlpE-null mutant WBF262 (black circle) were grown at 37 C in LB medium containing different concentrations of copper chloride for 16 h with reciprocal shaking. After measuring the optical density of cultures at 600 nm, the ratio of cell growth rate was calculated as described in B above.
CpxR-binding sites on each of these promoters, we performed DNase-I footprinting analysis. The binding sites on the three hitherto-identified promoters (htrAp, ppiAp, and yihEp) were the same as reported. 9) CpxR protected regions were observed for the newly identified promoters at a length of 34.4-bp on average (Fig. 2) . For the cpxP promoter, an additional protected region (a proximal CpxR box II), þ8 to À13, was identified (Fig. 2) . In addition, hyper sensitive sites were detected on all 14 promoters (Figs. 2, 3A) .
After analysis of the CpxR-binding sequences on the htrA, ppiA, and yihE promoters, it was proposed that CpxR recognizes the conserved direct repeat sequence, GTAAA-(N) 5 -GTAAA, termed the CpxR box.
9) Using all 15 CpxR-binding sequences here identified, we searched for the consensus recognition sequence by CpxR, and confirmed that the CpxR box is composed of a direct repeat sequence, GTAAA-(N) 4{8 -GTAAA. The spacer between two GTAAA sequences ranges from 4 to 8 bp (Fig. 3) . Among the 15 CpxR box-containing promoters, seven promoters carry the CpxR box in the opposite direction (or the complementary sequence, TTTAC-[N] 4{8 -TTTAC) (Fig. 3A) . Most of the hypersensitive sites were located on downstream of a direct repeat sequence, GTAAA-(N) 4{8 -GTAAA (Fig. 3A) .
The number of hypersensitive sites on downstream of the CpxR box is the following: six of eight sites on aroGp; five of eight sites on cpxPp (a distal CpxR box I); 10 of 12 sites on fntBp; 11 of 13 sites on htrAp; seven of 10 sites on ppiAp; six of 13 sites on ybaJp1; six of 11 sites on ycdNp; eight of 12 sites on ydeHp; four of seven sites on yebEp; and five of 11 sites on yqjAp (Figs. 2,  3A) .
The crystal structure of PhoB complexed with Phobox DNA (PhoB is a member of the OmpR-family transcription factor, like CpxR) indicated that two molecules of PhoB bind in tandem to the direct repeat sequence within the Pho-box, and that the proteinprotein interaction between two PhoB proteins induces DNA curvature.
16) The hypersensitive sites make it appear to the binding of CpxR onto the promoter induces DNA curvature. Also, the difference in spacer length between CpxR box might cause variable degrees of DNA bending.
Next we measured CpxR-binding affinity to the copper inducible promoters by gel-shift analysis. To prevent possible non-specific effects of DNA size on CpxR binding, the promoter probes were prepared to generate fragment sizes between 190-to 200-bp and to locate the CpxR binding site nearly at the center of each probe. In order to determine the CpxR-binding affinity of each promoter, we carried out a gel retardation assay in the presence of increasing amounts of phosphorylated CpxR. The results are summarized in Table 3 . They show CpxR-binding affinities of 0.14 to 0.59 mM. We found that, in addition to the direct repeat of two GTAAA sequences, the bases upstream from each pentamer are conserved, A at four bases upstream from the first pentamer, and A at four bases upstream from the second pentamer. The two promoters with the highest affinity to CpxR, ycfS and yccA, (see Table 3 ) carry typical CpxR box sequence with the extended A residues, A(N) 3 GTAAA(N) 1{2 A(N) 3 -GTAAA (see Fig. 3B ).
Location of CpxR box on copper-inducible promoters
Among the 14 CpxR box-containing promoters, seven promoters, including htrAp, ppiAp, and yihEp, carried A, Open boxes indicate the Cpx-binding sites determined by DNase-I footprinting (see Fig. 2 ). Tandem arrows show the conserved pentamer repeats, termed the CpxR box. The promoter À10 and À35 signals and transcription start sites are shown by gray boxes and star symbols respectively. The vertical arrows represent the hyper-sensitive sites cleaved by DNase-I in the presence of CpxR, as shown in Fig. 2 . B, The CpxR boxes, found on CpxR-binding regions as described in A above, aligned so as to match the conserved pentamer sequences. Gray boxes show the conserved pentamers on the CpxR boxes, while open boxes indicate the extended adenine residues, conserved on the high affinity promoters for CpxR binding (see Table 3 ). The numbers represent the distance from the transcription initiation sites. The score matrix shows the number of bases contained at the various positions.
the CpxR box in this direction, but the other seven promoters carried the CpxR box in opposite direction (or the complementary sequence, TTTAC-(N) 4{8 -TTTAC) (Fig. 3A) . The location of the CpxR box relative to the respective promoters is also different among the 14 promoters, ranging from À70:5 (the center of two pentamers) for htrAp to À38 for aroGp. A close correlation exists between the mode of transcription action, the contact site of transcription factors on RNA polymerase, and their binding sites along the promoters. 31, 32) Previously we proposed to classify transcription factors based on their contact subunits within the RNA polymerase, viz., class I ( subunit), class II ( subunit), class III ( subunit), and IV ( 0 subunit). 31, 32) Class I transcription factors bind upstream of the À35 element and contact the C-terminal domain of the alpha subunit of RNA polymerase holoenzyme. On the other hand, class-II factors bind at the À35 element and contact the C-terminal domain of the sigma subunit. The location of the CpxR box in the 14 CpxAR-regulon promoters (including the CpxR box I on cpxPp) is À50:6 on average, indicating that CpxR primarily functions as a class I factor. On the other hand, CpxR activates aroGp and yedHp as an apparent class II factor like SdiA or PhoP. 17, 20) The location of the CpxR box differs between these 14 CpxR box-containing promoters, suggesting that the mode of CpxR action is different among these promoters. Probe-24 0.14 mM a Probes used for the gel retardation assay are described in Table 2 . b Mixtures of 0.04 mM 32 P-labeled probe and increasing amounts (0.0025 to 5 mM) of CpxR were incubated at 37 C for 10 min in transcription buffer (50 mM Tris-HCl [pH 7.8 at 37 C], 50 mM NaCl, 3 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM DTT, and 25 mg/ml BSA) in the presence of 10 mM acetylphosphate, and then subjected to electrophoresis on native polyacrylamide gel. The amount of unbound free DNA probe was determined by measuring the intensity of radioactivity associated with free DNA plotted against the concentration of CpxR. The apparent CpxR-binding affinity was determined as the concentration (Con 50% ), which gave 50% binding of the labeled probe.
